SUMMARY The sensitivity of myocardial perfusion imaging (MPI) using thallium-201 injected both at rest and during peak exercise was compared to simultaneously recorded 12 lead electrocardiography (ECG) for the detection of transient ischemia in 20 normal subjects and 63 patients with coronary artery disease (CAD). No significant perfusion defects or ECG changes were seen on either the rest or exercise studies in any of the normal subjects. Fifty-six percent of patients with CAD developed new perfusion defects with exercise compared to 38% who developed ischemic ST-segment depression (P < 0.02). However, when chest pain and/or ST depression were considered indices of ischemia, the sensitivity of exercise testing and thallium-201 MPI was similar. The increased sensitivity of MPI compared to ST-segment depression on the ECG was due to patients MYOCARDIAL PERFUSION IMAGING (MPI) with radioactive tracers offers a noninvasive method for detecting myocardial infarction and transient myocardial ischemia. The clinical use of cationic tracers such as potassium-43 and rubidium-811-4 is based upon the principle that tracer uptake by myocardial cells is proportional to regional myocardial blood flow. Myocardial areas supplied by critically narrowed coronary arteries may demonstrate normal tracer uptake at rest, but when tracer is injected during exercise they may show relatively decreased concentration in comparison to normally perfused areas. A region of absent tracer uptake with injection at rest, not changing when tracer is injected during exercise, suggests the presence of myocardial infarction or scarring, while a new perfusion defect appearing with injection during exercise, suggests an area of transient myocardial ischemia.
MYOCARDIAL PERFUSION IMAGING (MPI) with radioactive tracers offers a noninvasive method for detecting myocardial infarction and transient myocardial ischemia.
The clinical use of cationic tracers such as potassium-43 and rubidium-811-4 is based upon the principle that tracer uptake by myocardial cells is proportional to regional myocardial blood flow. Myocardial areas supplied by critically narrowed coronary arteries may demonstrate normal tracer uptake at rest, but when tracer is injected during exercise they may show relatively decreased concentration in comparison to normally perfused areas. A region of absent tracer uptake with injection at rest, not changing when tracer is injected during exercise, suggests the presence of myocardial infarction or scarring, while a new perfusion defect appearing with injection during exercise, suggests an area of transient myocardial ischemia.
Although experience with exercise injected myocardial perfusion imaging is limited there is evidence to suggest that the technique may be more sensitive than exercise electrocardiography (ECG) in identifying patients with coronary artery disease. ' Thallium-201 (TI 201) has biologic properties similar to potassium-43 and rubidium-81. The physical properties of T1 201 are, however, better suited to obtaining high resolu-with baseline ECG abnormalities and those who failed to achieve 85% of predicted maximum heart rate with exercise.
Analysis of the exercise results according to the extent of coronary artery disease revealed a progressive increase in both positive ECGs and MPI with the number of vessels involved. In patients with single vessel disease the MPI was more sensitive than the ECG (P < 0.02).
The combination of the rest and exercise ECG, MPI and chest pain during exercise failed to identify 11% of patients with CAD.
Exercise thallium-201 MPI is a useful adjunct to conventional exercise testing particularly when evaluating patients with abnormal resting ECGs, those who develop ventricular conduction defects or arrhythmias during exercise, and those who fail to achieve their predicted heart rate because of fatigue or breathlessness.
tion images with currently available nuclear imaging equipment. 5 The present study compares the sensitivity of MPI using TI 201 injected both at rest and during peak exercise to that of simultaneously recorded 12 lead electrocardiography for the detection of ischemia and infarction in normal subjects and in patients with angiographically significant coronary artery disease.
Methods
Twenty subjects without evidence of coronary artery disease -17 volunteers with no history or physical findings suggestive of coronary disease and three subjects with atypical chest pain who had normal coronary arteriograms and left ventriculograms -were studied with both rest and stress injected myocardial perfusion imaging and electrocardiography. The normal subjects included 18 males and two females with a mean age of 37 years (range 20-54 years).
Sixty-three patients with angiographically proven coronary artery disease (70% or greater narrowing) were studied in a similar fashion. There were 52 males and 11 females with a mean age of 49 years (range 31-64 years). Clinical data on the 63 patients are summarized in table 1. Forty-seven of the 63 patients had a history of prior myocardial infarction, and 40 had angina pectoris as a current symptom at the time of study. .c co U'. 00 C t-xo t-IrD to co t-r. 00 Coto t-.c .c t-t-t-to co .zc co t-COOD xo t-.cw 10 t-t-.c M=ko COW t-t-W. LO t-t-UO .c t-CD .Dt-t-ai t-t-W o Cs The resting ECG had significant Q waves, ST-T wave abnormalities or intraventricular conduction disturbances in 42 patients: Q waves were present in 27 (43%), ST-T wave abnormalities alone in 14 and left bundle branch block (LBBB) with T wave abnormalities in one. The incidence of Q waves increased with the number of significantly stenosed vessels ( fig. 2) .
The resting thallium MPI showed perfusion defects in 31 (49%) patients. The incidence of perfusion defects also increased with the number of significantly stenosed vessels ( fig.  2 ). There were no significant differences in the number of patients with Q waves or resting perfusion defects. segment depression (negative ECG exercise test). In four of these patients ST-segment elevation occurred during exercise in a lead with a Q wave on the resting electrocardiogram. In two, a ventricular arrhythmia occurred without ST-segment depression.
There were an additional two patients who also achieved 85% of predicted maximum heart rate but had an uninterpretable ECG exercise test. One developed left bundle branch block during exercise, and the other had left bundle branch block at rest.
One patient developed a ventricular arrhythmia during exercise and the exercise test was terminated prior to achieving 85% of predicted maximal heart rate. In addition there were nine patients who terminated their exercise test because of breathlessness and/or fatigue without achieving 85% of their predicted maximal heart rate who did not develop significant ST-segment depression. One of these nine developed STsegment elevation in a lead with a Q wave on the resting electrocardiogram ( fig. 4) .
All of the patients with an abnormal resting MPI remained abnormal with exercise. Perfusion defects were usually more clearly seen after exercise, although in three patients they became smaller.
Thirty-five (56%) patients developed a new perfusion defect on exercise MPI (fig. 2) . The incidence of new perfusion defects was not significantly different in the group of patients taking beta adrenergic blocking drugs or digitalis. The incidence of positive MPIs was significantly higher than the incidence of significant ST-segment depression during exercise (P < 0.02). New perfusion defects also appeared significantly more frequently than chest pain during exercise (P < 0.002). However, if the patients who developed STsegment depression and/or chest pain were combined, then a total of 54% had evidence of ischemia by conventional exercise testing, a figure similar to the percentage with a new myocardial perfusion defect.
Analysis of the exercise results according to the number of vessels narrowed . 70% revealed a progressive increase in both positive exercise ECGs and exercise MPIs with the numbers of vessels involved ( fig. 2) . In the single vessel A) The MPI rest study is abnormal. In the anterior view, there are perfusion defects involving the distal anterior wall, apex and distal inferior wall partially obscured by overlying hepatic-gastric uptake. In the left anterior oblique view, the defect is again noted involving the apex and extending into the lower septum. The left ventricular cavity is dilated. The exercise study does not show a definite new perfusion defect although the preexisting defects are clearer. The configuration of the left ventricular cavity appears more rounded compared to rest. B) 12 lead ECG recorded I minute post exercise from the same patient. Significant Q waves were present at rest in leads 2, 3, a VF, and V1-V4 indicating previous myocardial infarction. Transient ST-segment elevation appeared in these leads during exercise, but no significant ST depression was present in any leads. The patient did not experience chest pain during the exercise test, but was limited by shortness of breath. C) Right anterior oblique contrast left ventriculogram from the same patient in diastole (left) and systole (right). The ventricle is dilated. Note that in systole there is contraction only of the antero and inferobasal portions of the left ventricle. The remaining ventricle shows marked dyskinesis. Coronary arteriography demonstrated a total proximal occlusion of the left anterior descending coronary artery and the circumflex and right coronary arteries had only minor irregularities. group exercise MPI was more sensitive than the exercise ECG, 43% vs 18% (P < 0.02). When narrowings > 50% were classified as significant stenosis these results were unaffected.
The positive myocardial perfusion images included all ten patients who had both significant ST-segment depression and chest pain during exercise (fig. 5) ; the two patients with left bundle branch block (uninterpretable ECG exercise test); the three patients who developed ventricular arrhythmias during exercise without significant ST-segment changes (fig. 6) ; two with an adequate and one with an inadequate ECG stress test; two patients who terminated their exercise because of breathlessness and/or fatigue without development of significant ST-segment changes (inadequate ECG exercise test); and one of the patients with ST-segment elevation over a Q wave but without STsegment depression who achieved 85% of his predicted maximum heart rate (negative ECG exercise test).
Five patients had significant ST-segment depression but did not develop a new perfusion defect on exercise MPI. One of these patients was taking digitalis, and none developed angina pectoris during the exercise test.
When the exercise ECG and MPI responses were analyzed according to whether or not the resting ECG was normal, then the exercise MPI was more sensitive only in the group with an abnormal resting ECG ( fig. 3) . When the exercise ECG and MPI responses were analyzed excluding the group with inadequate (ten patients) and uninterpretable (two patients) exercise ECG tests, the difference in sensitivity of the exercise thallium-201 MPI (59%) was only of borderline significance compared to the exercise ECG (47%) (P -0.05).
Combined Rest and Exercise ECG and MPI
The overall sensitivity of both techniques for the detection of infarction and ischemia is compared in figure 2 . Q waves at rest and/or ST-segment depression at exercise were present in 65% of patients while rest or exercise perfusion defects were present in 75%. In patients with single vessel disease, ECGs were abnormal in 46%, MPI was positive in 71% (P < 0.05). With double and triple vessel disease the percentages detected by each technique increased but the differences were not significant.
Eleven patients had both normal rest and exercise ECG and MPI but four had chest pain during the exercise test. The remaining seven patients (11%) all had a well documented history of previous myocardial infarction: four had single vessel disease, two patients had double vessel disease and one patient had triple vessel disease.
Discussion
The results of the present study suggest that exercise thallium-201 myocardial perfusion imaging is more sensitive than ST-segment depression on the exercise electrocardiogram in detecting myocardial ischemia. If, however, the development of either precordial chest pain or significant ST-segment depression during exercise is considered a positive response, the sensitivity of exercise myocardial perfusion imaging with thallium-201 is similar to that of standard exercise testing. The greater sensitivity of exercise MPI with thallium-201 compared to ST-segment depression on the exercise ECG can be explained by the inclusion of patients with previous myocardial damage, as manifested by ST-T and Q wave abnormalities on the resting electrocardiogram, and those who had inadequate ECG stress tests due to termination of their exercise because of fatigue or breathlessness prior to achieving 85% of predicted maximal heart rate, as well as those with uninterpretable electrocardiograms due to the development or presence of intraventricular conduction defects. Resting ST-T and Q wave abnormalities make interpretation of the exercise ECG difficult and may reduce the magnitude of ST-segment depression associated with ischemia.'719 The inclusion of patients with inadequate exercise stress ECGs and those with uninterpretable ECGs such as those with left bundle branch block in the present study is justified since objective evidence of myocardial ischemia is frequently sought, but difficult to obtain, just in such patients as a guide to medical therapy and in the pre and postoperative evaluation of coronary artery bypass graft surgery. The availability of an independent technique for the detection of myocardial ischemia such as exercise thallium-201 MPI is therefore of value, especially in those patients who are difficult and occasionally impossible to evaluate by standard ECG stress testing.
Another situation in which the availability of exercise myocardial perfusion imaging with thallium-201 appears to be of value is in patients who develop ventricular arrhythmias during exercise without significant ST-segment depression. Ventricular arrhythmias occurring as an isolated event during exercise have a poor predictive value for the diagnosis of ischemic heart disease.' The occurrence of a positive exercise thallium-201 myocardial perfusion image in such a patient ( fig. 6 ) would suggest the diagnosis of ischemic heart disease with its attendant prognostic and therapeutic implications.
The interpretation of exercise ECGs in patients with STsegment elevation occurring in a lead with a resting Q wave abnormality remains difficult. ST-segment elevation under these circumstances is thought to be due to mechanical factors rather than to myocardial ischemia.'0-' The resting MPI in these patients revealed a large perfusion defect. With exercise the resting defect became more distinct and often slightly larger (fig. 4) . We have, however, classified these images as positive only if a new perfusion defect of at least 15% of the left ventricular circumference occurred. While this criterion for MPI ischemia is conservative, it seems reasonable in view of the fact that there are often inhomogeneities on the normal resting thallium-201 MPI of less than 15% of left ventricular circumference. It is also possible that the apparent decrease in tracer activity during exercise in the area of the resting perfusion defect could be due to the exercise related increase in myocardial/lung background ratio. '4' 21 In previous studies with potassium-43 and rubidium-81 MPI has been shown to be limited in patients with triple vessel disease. 22 Tracer uptake in a patient with triple vessel disease could be uniformly reduced and a transient focal perfusion deficit, the diagnostic criteria for a positive exercise MPI, not appear. While this is certainly a problem and one explanation for some of our false negative results, it is apparent from the present results with thallium-201 that the extent of flow reduction and hence tracer uptake is usually not uniform during exercise in these patients. In contrast to the results in patients with double and triple vessel disease exercise MPI was more often positive than the exercise ECG in patients with single vessel disease, the group where the ECG is known to be least sensitive. 23 26 It should also be emphasized that 1% of the patients with significant coronary artery disease (four single, two double and one triple vessel disease) had normal resting studies and failed to develop an abnormality of either MPI, ECG, or chest pain during exercise. The actual sensitivity of either technique alone or in combination will depend on the number of significantly narrowed coronary arteries, the presence of previous myocardial damage, the presence and functional capacity of collateral vessels, the type and level of exercise employed to induce ischemia, as well as the number of patients forced to terminate exercise prematurely without achieving their predicted heart rate because of breathlessness, fatigue or ventricular arrhythmias. It is therefore difficult to predict the sensitivity* of either technique without knowledge of the patient population to be tested.
False positive exercise ECG responses are known to occur in at least 8% of normal subjects,6 19 20 in part depending upon the incidence of CAD in the population tested. The findings of a positive exercise MPI in a patient with a positive exercise ECG should increase the specificityt of exercise testing for the detection of myocardial ischemia.
Although there was no false positive MPI in the present study, a greater experience will be necessary before the specificity of this technique is known. Acknowledgment sion imaging studies. We are grateful for the assistance in data analysis given by Mr. David Mellits of the Department of Biostatistics, Johns Hopkins
